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Abstract

:

Thermal plasma has emerged as a technology with tremendous promise for municipal wastes that should be disposed of sustainably. A numerical simulation of a symmetric turbulent plasma jet from a thermal air plasma torch was developed using COMSOL Multiphysics®5.4 engineering simulation software. The velocities, temperature, arc root motion, and joule heating of the plasma jet were examined under the impact of the gas mass flow rate and current. Moreover, the electrical power required for the municipal solid waste (MSW) processing was estimated. The enthalpy and the effectiveness of the plasma torch were analyzed and discussed. Subsequently an investigation was conducted into the gasification characteristics of MSW using air and steam gases. The torch’s power and efficiency could be enhanced with a higher mass flow rate and temperature. Three operating modes were identified from the current–arc flow combination. Among the plasma gas considered, the air gas plasma torch guarantees an acceptable thermal efficiency and a low anode erosion rate. Plasma gasification produces cleaner syngas with higher efficiency (84%) than the conventional process due to the elevated temperature used during the process that breaks down all the char, dioxins, and tars.
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1. Introduction


Developing countries face a crucial problem due to the exponential increase in industrial development and population consumption, which are causing massive growth in solid municipal waste generation [1]. There is an increasing concern regarding the environmental pollution, health risks, and lack of sustainability of pathological, sharp, infectious, and chemical wastes [2,3,4]. The world health organization has classified municipal solid wastes (MSW) as hazardous wastes [5].



Autoclave and microwave systems are capable of disinfecting MSW. However, these technologies are not able to reduce the waste volume or to use the MSW as an energy source [6]. Waste recycling and energy recuperation can be improved significantly through pyrolysis, gasification, and incineration, which are regarded as thermal waste treatment mechanisms [7]. The gasification of MSW requires plasma as an energy source. Using plasma gasification melting (PGM) on municipal waste is highly effective, as the high temperatures that are involved organic waste conversion and pathogenic microorganism inactivation [8]. Several advantages make this technology ideally suited for MSW processing, such as its high thermal energy density, smaller reactors, easy control of the reaction temperature, and lower thermal losses. Its ability to operate independent of environmental gases, reduce pollution emissions, and treat a large amount of MSW are also notable benefits [9,10]. Electricity, which is an expensive source of energy, is the only disadvantage associated with this plasma process. However, electricity costs can be compensated by plasma’s ability to process residues that cannot be treated using conventional methods [11]. This results in higher storage costs as well as an increase in the environmental impact. A common MSW sample contains 60–80% volatile species, which makes the mechanism of pyrolysis more intricated than that of biomass or coal [12].



A PGM reactor generally consists of an energy-supplying chamber in conjunction with one or multiple plasma torches providing energy for gasification reactions [13]. Direct-current (DC) electric discharge, including non-transferred or transferred discharge, radiofrequency (RF), and microwave discharge, enable a reactor to generate thermal plasma for waste treatment at atmospheric pressure [14]. DC plasma torches treat hazardous waste between two electrodes where high-temperature plasma extends, forming a plasma jet with high enthalpy [15]. Transferred electrodes incorporate the workpiece as a counter electrode, whereas the workpiece is integrated into a non-transferred-electrode torch by pushing plasma forward [16]. Radiofrequency induction plasma reactors prevent electrode erosion by generating a current through a coil surrounding the plasma chamber at a high frequency (2–27 MHz). However, RF torches are less flexible in terms of the plasma gas flow rate and torch power as well as heating efficiencies [17].



Several companies are developing technologies based on DC plasma torches for the treatment of industrial, agricultural, and hospital hazardous wastes [18]. In general, the product composition and economic process as well as energy efficiency are influenced by several operational factors, such as the suitable plasma torch, the temperature, the type of plasma gas, and the mass flow rate. Experiments, which are expensive and time-consuming, are often required to determine the optimal conditions for these parameters. Compared to experimental work, simulation models are required for exploring the waste materials behavior in a variety of reactors and to achieve ideal reactor conditions and define permissible limits while saving time and resources [19]. Several studies based on fluid dynamic modeling have been performed to clarify the involved phenomena. Li et al. [20] explained the vitrification mechanism of hazardous wastes using a thermodynamic equilibrium model of a 30 kW direct-current plasma torch. Tang et al. [21] have studied the plasma power effect, the feed rate, and the particle size using a nitrogen plasma reactor for polypropylene pyrolysis. Moreover, a numerical simulation was developed by Moumtouris et al. [22] that described plasma gasification in detail. Through the use of different operation conditions, Zhang et al. [23] determined the melting parameters of municipal solid waste gasification. On the other hand, Favas et al. [24] investigated the performance of a biomass gasifier based on the main operating variable parameters. Janajreh et al. [25] used an Aspen Plus model to identify different types of feedstocks. They showed that coal and tire waste material can generate high gasification efficiency.



In this study, COMSOL Multiphysics®5.4 software conditions [26] were used to develop a computational fluid dynamic (CFD) simulation of a DC transferred plasma torch under a steady state. Hydrodynamic flow simulations were used to examine the treatment of hazardous municipal solid wastes using thermal plasma. The influences of operating conditions, such as the mass flow rate and plasma current, were analyzed in terms of velocities, temperature, arc root motion, and joule heating. Moreover, the estimation of the electrical power required in the MSW was determined, as well as the efficiency and the enthalpy of the plasma torch were analyzed and discussed.



The simulation model was used to determine the energy requirement and energy balances for an air plasma arc gasification reactor. To evaluate the plasma gasification cycle’s suitability for recovering energy from wastes, operating conditions were optimized and plasma gasification performance was analyzed. Numerical simulations are useful for improving the control and composition of produced syngas to obtain a higher heating temperature and a low harmful emission concentration. These research results can be extended to other waste materials, such as medical wastes and nuclear wastes.




2. Technology of Waste Treatment Setup


Hazardous waste compounds can be thermally decomposed into benign and simpler materials using plasma reactors. Plasma reactors reduce wastes in a stable and non-leachable glassy slag phase (in the range of 1400–1600 °C melting points) [27]. As a result of the vitrification process, substances are treated, offering products that are safely re-used, such as scrap metals [28]. In addition, using gasification or pyrolysis, these dangerous substances can be transformed into a synthetic gas (syngas) employed as a fossil fuel [29]. Consequently, there are three categories of waste treatment with plasma technology [30]: (a) plasma pyrolysis, which breaks down chemical compounds; (b) plasma gasification melting, which converts organic compounds into combustible gases to produce electric power; and (c) plasma vitrification, which converts wastes into vitrified ceramics by adding a suitable flux material. Figure 1 depicts a schematic diagram of municipal waste treatment using thermal plasma.



The assumptions used in this model are the following [31]: (i) Solid wastes flow from the top to the bottom, whereas gases flow is from the bottom to the top. Reflux is not allowed during each phase. (ii) The components of ash-free fuel are C, H, and O. This model includes the gas-phase H2, H2O, CO, CO2, O2, N2, CH4, C2H4, and tars. (iii) The heat loss of each section is calculated from the measured temperature layout of the gasifier wall surface and the gasifier structure.




3. Plasma Reactor for MSW Gasification


Foundries use plasma gasification melting furnaces to remelt steel and scrap iron [32]. High temperatures and corrosive conditions are withstood by re-covering the furnace’s interior with suitable refractory materials. Solid wastes are injected from the top (see Figure 2a). It is recommended to place the plasma torch at the bottom or at the top of the reactor to melt inorganic materials derived from non-living sources in solid wastes. Figure 2b presents an experimental setup of a plasma torch [33].



During the plasma torch process, the system reaches high temperatures (T > 5000 °C) with a maximum power between 75 kW and 10,000 kW. Table 1 lists the operational parameters of the arc plasma torch [24].




4. Mathematical Model


4.1. Assumption


The two-dimensional axisymmetric numerical model is used for an air arc discharge using the following assumptions: (i) plasma flow can be considered a continuous fluid in a local thermodynamic equilibrium and semi-compressible (Ma < 0.3); (ii) the gas has thin optical property; (iii) the arc flow is steady and turbulent; (iv) the swirl component is included; (v) the viscous dissipation is ignored; and (vi) temperature affects thermodynamic and transport properties [34].




4.2. Model Equations


The fluid dynamics model is described using Navier Stokes and Maxwell electromagnetic equations written in a cylindrical system [35]:


  ∇ ·  (   ρ u   )  = 0  



(1)




where  ρ  and  u  represent the mass density and the velocity vector, respectively.


  ∇ ·  (   ρ uu   )  = − ∇ p + ∇ ·  {   Γ μ   [  2 S −  2 3   (  ∇ · u  )  I  ]   }  +  F L  +  ρ g   



(2)




where  g , p, and  I  represent the gravity vector, the pressure, and the unit vector, respectively.    F L    is the body force, including the Lorentz force.  S  is the strain-rate tensor velocity, written as


  S =  1 2   [     (  ∇ u  )  +    (  ∇ u  )    tr      ]   



(3)







The superscript    (  tr    ) denotes that the matrix transposes the operation.


  ∇ ·  (   ρ hu   )  − ∇  (   Γ κ  ∇ h  )  =  Q p  −      Q    rad    



(4)




in which    Γ κ   ,  h ,    Q p   , and    Q  rad     are the thermal conductivity, the gas enthalpy, the production heat, and the radiation losses, respectively.



Considering thermal plasmas as electronically neutral, the resulting force is the Lorentz force:


   F L  = J × B  



(5)







The production heat is calculated as


   Q p  = J  (  E + u × B  )   



(6)







Based on the following equation, the radiative flux is approximated [36]:


   Q  rad   = 4    π ε   r   



(7)




where  J  corresponds to the density vector of the electric current, and  B  and  E  denote the magnetic field and the electric field, respectively. The effective net emission coefficient is denoted by    ε r   , expressed as a function of the temperature.



In electric arc modeling, Ohm’s law is used:


  J =  σ     (  E + u × B  )   



(8)




where the electric conductivity is represented by  σ . The electrical field and potential (  ϕ  ) can be related using the following equation:


  E = − ∇ ϕ  



(9)







The relationship between the magnetic field ( B ) and the magnetic vector potential ( A ) is given by:


  B = ∇ × A  



(10)







The equation of Maxwell–Ampere is:


  Δ × B =  μ 0  J  



(11)




where    μ 0    is the vacuum permeability.



Considering the high reactivity, large property variation, and electromagnetic effect of thermal plasma flow, turbulence models are significantly approved [37]. The    (  K − ε  )    turbulence model is used with the below equations for the turbulent kinetic energy ( K ) to describe the turbulent plasma jet:


  ∇ ·  (   ρ uK   )  − ∇ ·  (   Γ K  ∇ K  )  = G −  ρ ε   



(12)




and the turbulent dissipation rate (  ε )  :


  ∇ ·  (   ρ u ε   )  − ∇ ·  (   Γ ε  ∇ ε  )  =  ε K   (   C 1  G −  C 2   ρ ε   )   



(13)







In these equations, the production term ( G ) is given by


  G =  μ t   [  ∇ u :  (  2 S  )  −  2 3     (  ∇ u  )   2   ]  −  2 3   ρ K    ∇ · u  



(14)







   Γ κ   ,    Γ μ   ,    Γ ε   , and    Γ K    are defined, respectively, as


   Γ κ  = κ +    μ t   C p      Pr  t     



(15)






   Γ μ  = μ +  μ t   



(16)






   Γ ε  = μ +    μ t     σ ε     



(17)






   Γ K  = μ +    μ t     σ K     



(18)







   C p  ,  κ   and   μ    represent, respectively, the specific heat at a constant pressure, the thermal conductivity, and the viscosity coefficient. The turbulent kinematic viscosity (   μ t   ) is given by


   μ t  =    ρ C   μ     K 2   ε   



(19)




and the turbulent constants are considered at the following values [38]:



   C 1    = 1.44,    C μ    = 0.09,    C 2    = 1.92,    σ ε    = 1.3,    σ K    = 1, and     Pr  t    = 0.9.



The following boundary conditions are applied in this physical model:



A radial velocity (v = 0) is set at the plasma torch’s inlet, while the axial velocity is defined as


  u =  m ˙  / ρ    A inlet   



(20)




where     m ˙   ,   Ainlet, and ρ are, the mass flow rate, the torch inlet area, and the density of gas respectively.



By introducing air cyclone into the torch’s inlet, an induced flow is produced with an azimuthal velocity written as


  w =    k 1   r     



(21)







The intensity of the free vortex is determined by the distinct values of    k 1    [39].



The injected air temperature is 300 K in the heat transfer in the fluid. At the cathode-tip, a temperature of 3500 K is applied, while a grounded potential is adopted at the external anode surface.    Q  ex     represents the transfer of the convective heat from the anode’s outer side, which is externally cooled by the cooling water:


   Q  ex   =  h  conv    (   T  wall   −  T   water       )   



(22)




where    h  conv     represents the coefficient of convective heat transfer (   h  conv     = 104 W/m2 K), and    T  wall     and    T  water     represent the wall temperature and the cooling water temperature (500 K), respectively [40].



The following equation represents the density profile of the radial current applied at the cathode tip:


  J  ( r )     = J    max      [ 1  −    (   r   R  arc      )   n  ]  



(23)







The parameters  r  and  n  specify the radial position from the axis of the torch and the form of the distribution of current density.    J  max     and the arc core radius (   R  arc    ) represent respectively the maximal current density around the torch axis, and the radial distance between the cathode tip and the end of the arc.



At the outlet, an atmospheric pressure is imposed. The other boundaries of the torch are electrically insulated. All external boundaries are magnetically insulated, and the potential vector (A) is defined with a gauge fixed at 1 A/m [41].



A temperature of 300 K and an atmospheric pressure are initially imposed on the whole domain. Table 2 shows the boundary conditions.



Air properties including the specific heat, thermal conductivity, density, electrical conductivity, enthalpy, and dynamic viscosity depend on the temperature variation and were taken from ref. [42]. The net emission coefficient calculated for the source radiation was taken from ref. [43].




4.3. Simulation Domain and Parameters


The simulation domain of the discharge region and the plasma jet zone is illustrated in Figure 3. The gas inlet radius and the cathode were respectively 17 mm and 8 mm. The cathode tip had a 2 mm radius, and the radial distance between the torch axis and the anode was 8.3 mm. The DC arc plasma model was constructed based on the theories of the equilibrium plasma discharge interface, electromagnetism, heat transfer and fluid mechanics. A finite element Galerkine method was utilized to solve the coupled partial differential equations using COMSOL Multiphysics®5.4 software [44] to conduct two-dimensional axisymmetric modeling. The MUMPS direct solver is used to numerically integrate model equations, and the solved number of degrees of freedom is equal to 1.7 × 106.



For accurate results, a grid independency study was conducted to determine the number of meshes and the mesh quality. Simulations of the flow domain were repeated for three different computational meshes (coarse: 988,078; fine: 1,527,606; and finest: 2,147,061) to select the suitable mesh for the optimization study.



Figure 4a shows the temperature profiles along the axial axis of three types of grid sizes (at r = 0 mm and x varies between 0 and 80 mm) for a plasma gas flow rate of 23.6 LPM and 10.8 kW of input power. The use of a coarse grid led to a significant difference in optimizing the mesh along the temperature distribution, while, the fine grid agreed well with the finest one.



To achieve reasonable results while taking into consideration computational cost, the fine mesh grid is used in this study. Due to the sharp change in the gas flow direction at the electrode tip, denser meshes were generated with the smallest cells in this region, as shown in Figure 4b. There was a refinement in the discretization near the inner walls. The computational domain of the torch was meshed with approximately 1.8 × 106 triangle elements.





5. Results


To demonstrate the model’s accuracy, a comparison of the simulation results and experimental measurements of axial velocity and temperature profiles is performed. Moreover, a study was conducted to determine the impacts of the current and the mass flow rate on the plasma velocity and temperature distributions. The dissipated power, the enthalpy, and the efficiency are discussed to clarify their effects on the mechanical performance of the torch for MSW treatment.



5.1. Comparison with Experimental Data


According to Figure 5, the axial velocity and the plasma temperature along the symmetry axis were compared theoretically and experimentally [45]. A laser doppler anemometry (LDA) system was used to measure the mean velocity and intensity of the turbulence, where 1 µm Alumina particles were injected directly into the torch anode to seed the plasma flow, whereas temperature measurements were carried out using emission spectroscopy and enthalpy probe techniques [46]. An acceptable agreement was obtained along 30 mm of the symmetry axis.




5.2. Velocity and Temperature Evolution in the Plasma Torch


Figure 6 represents the temperature and velocity distributions for an air flow rate of 5 g/s and a 500 A electrical current. The temperature of plasma reaches its extreme value around the cathode tip. Whereas, leaving the cathode, the irradiation and convective thermal losses became more pronounced [47], and the plasma jet’s temperature decreased in the axial and radial directions. Simultaneously, the velocity of the jet augmented, and its maximum magnitude is reached at the outlet center. This was caused by gas expansion from Joule heating [48]. A DC arc discharge produced a high temperature and energy density between two electrodes in an arc plasma torch. When sufficient gas flow rate was present, the plasma spread beyond one electrode, creating a plasma jet [49]. The plume temperature could exceed 1 × 104 °C at the core of the plasma and could reach as high as 5000 °C in the marginal zone.




5.3. Influence of Plasma Current


Figure 7 illustrates the mean voltage variation versus the electric current varying between 500–620 A and with a 5 g/s air flow rate. This figure illustrates that an increase in the plasma current led to a higher voltage and increased the vaporization of waste [50].



Figure 8 displays the radial distributions of the velocity and temperature at the torch exit of the plasma jet for various currents (I = 500, 600, and 800 A). According to Figure 8a, the more the current increased, the more the arc core temperature rose and its temperature profile became wider. As a result of this higher temperature, an elevated arc root velocity was obtained (see Figure 8b).




5.4. Influence of Air Mass Flow Rate


The air mass flow rate effect was examined over a range of (4–10 g/s) for a 500 A current. As displayed in Figure 9, the voltage rised at a higher air mass flow rate. Furthermore, this led to increases in the convection heat transfer and non-equilibrium effects, and arc cooling occurred more rapidly. Consequently, larger instabilities were observed to be caused by a greater voltage drop.



Figure 10 illustrates the maximum temperature of the plasma jet as a function of the air mass flow rate at various cathode-tip temperatures. With increasing mass flow rates of gas, the maximum temperature of plasma jet decreased. As a result, the radial and axial thermal gradients were reduced. However, a torch characterized by a lower mass flow rate will not necessarily have a higher nozzle exit temperature [51].



Figure 11 displays the velocity profiles and the radial temperatures at the torch exit for different mass flow rates. Despite this decrease in the maximum temperature at a higher mass flow rate (seen in Figure 10), the temperature at the nozzle exit was still elevated. Indeed, Figure 11a shows that the maximum temperatures reached in the center of the arc core with the three mass flow rates were very close. Furthermore, lower mass flow rates resulted in wider temperature profiles. In fact, since the arc core temperature was mainly determined by the current, the outline of the arc core was cooled by mass flow.



As shown in Figure 11b, the velocity achieved maximum values of 495 m/s with 1.6 g/s and 806 m/s with 5 g/s. In addition, turbulence caused distortion of the velocity profile at higher air flow rates.




5.5. Deposited Power


The power supply plays a crucial role in the disposal of an MSW system since it determines the torch processing capacity. Based on the torch energies balance, the produced vitrified mass is determined by [26]:


   M     (  kg  )  = 0.35 ×  P     (  kWh  )   



(24)




where  P  represents the power in kilowatt hours (kWh)



Further, the power supply is necessary for sustaining the plasma in the reactor and supplying the process with an operational control system [52].



Under different discharge currents, the plasma torch power variation with the rate of air mass flow is illustrated in Figure 12. The torch power consumption increased as the rate of air mass flow increased from 1 to 6 g/s.



With an increasing current, from 560 to 800 A, the deposit power increased. Indeed, the average arc temperature rose when increased current, and generated higher electrical conductivity, which dissipated more power in this region.



Moreover, as the current increased, the magnitude of the instabilities decreased, and a stable flow of plasma jet was generated. However, a high current can adversely affect the anode and cathode’s longevity. In contrast, plasma jets produced by small currents are short and narrow, with low energy density to gasify solid waste.



A plasma torch can operate in three distinct modes based on current and arc flow analysis: the restrike mode, the takeover mode, and the steady mode [53]. There is a correlation between the operation modes and the cold gas boundary layer thickness within the arc and the anode nozzle wall. Restrike mode is recommended with intensive boundary layer, whereas steady mode is desired with a fine boundary layer. (i) At 560 A, highly transient dynamic phenomena occurred, and the arc column was highly distorted because of strong fluctuation plasma flow. A thicker boundary layer was established leading to a restrike mode operation. (ii) Increasing the arc current (640 A) decreased the boundary layer thickness. The anode showed a thinner boundary layer and reduced motion of the arc attachment, leading to operation in takeover mode. (iii) At a higher current (800 A), the anode attachment movement was attenuated, and a thin boundary layer favored operation in the steady mode.



To illustrate the flow instabilities, Figure 13 displays the plasma jet velocity distribution. Symmetric vortexes were progressively created on either side of the plasma jet core, causing the mixing layer’s mean velocity to increase. These results are in accordance with those given by Trelles et al. [54]. The results indicate that the entrainment of the cold gas around the plasma jet generated instabilities and turbulence flow. The axial jet velocity dropped rapidly due to the slow dissipation of the cold engulfed gas bubbles through molecular diffusion when air molecular gases were entrained.



According to Figure 14, torch power consumption varied with the plasma temperature for various cathode tip-temperatures. As the cathode-tip temperature increased from 2000 to 3500 °C, the torch power rose by 20% for plasma temperatures of 5000 K and by 40% for plasma temperatures of 10,000 K. Therefore, at a constant plasma temperature, a high power was achieved by increasing the torch’s energy supply and its airflow rate according to the reactor energy balance (as seen in Figure 11).



Figure 14 illustrates the influence of plasma power on gasification and the average pyrolysis temperature. The plasma temperature increased linearly with the plasma power. Indeed, the plasma power enhanced the feeding air temperature and rised the amount of heat available for pyrolysis and gasification [55]. Hence, the combustible gas increased with the plasma power by increasing the pyrolysis temperature. Thus, the plasma power has the potential to increase syngas yield and quality, while increasing the plasma power has limited beneficial effects.



Figure 15 illustrates the torch power change according to the length of the arc core radius with a 500 A current and a 5 g/s gas flow rate. Increasing the axial distance between the anode arc spot and the cathode tip augmented the torch power, while increasing the arc core radius diminished it.




5.6. Enthalpy


The purpose of plasma torches is to transform electrical energy into thermal energy at stable an electrical discharge. With high-enthalpy plasma, the gas interacts widely with the electric arc, resulting in a higher conversion efficiency that can exceed 90%, depending on which plasma torch and working gas are used [56].



The average value of enthalpy is one of the main parameters when treating waste using thermal plasma. It is expressed as the energy balance of the plasma torch [57]:


      m ˙    h    ave   = IV −  Q  loss    



(25)




where  V  represents the arc voltage and I is the arc current. Qloss is the dissipated power by water used to cool the electrode, given by


   Q  loss   =   m ˙   ×  C p  ×  (   T 2  −  T 1   )   



(26)




where    m ˙    and    C p    represent the mass flow rate, isand the specific heat capacity respevtively,    T 1    is the inlet temperature, and    T 2    is the cooling water outlet temperature.



Argon, air, and steam represent the plasma gases considered in this study. In fact, argon is the most used common technical plasma gas. Air is abundant, and due its low specific heat, leading to a low energy input, it can achieve the required high temperature [58]. When compared with argon, air has the advantage that the electrodes tend not to oxidize [59].



A plasma torch can be supplied with water as a liquid or as generated steam. In addition to its interesting physical property and its obvious economic advantages, water has many advantages as a plasma gas compared to noble gases [60].



For different types of plasma gas, Figure 16 represents the plasma enthalpy as a plasma temperature function. While a plasma arc is likely to be formed with argon gas, the obtained energy density is low and the plasma jet is too short, leading to a less effective gasification. When compared with air, steam provides more hydrogen and more oxygen to the process. However, due to the elevated specific heat and absorbed latent heat of evaporation, steam requires more energy to be input, which makes it expensive.




5.7. Efficiency


In a gasification process, gas efficiency is frequently used as a standard criterion that expresses the energy efficiency. The electro-thermal efficiency is measured using the following equation [61]:


  η =   I · V −  Q  loss     I · V   × 100  



(27)







Figure 17 displays the plasma efficiency variation according to the plasma temperature. There was a strong correlation between plant efficiency and the plasma temperature, which was highly influenced by the consumption of torch power. The efficiency of the plant increased by 8% when the temperature of the plasma was raised from 5000 to 10,000 °C.



Figure 18 displays the plasma efficiency variation according to the gas mass flow rate. The torch’s power and efficiency were enhanced by increasing the gas mass flow rate. However, as the current increased, the efficiency decreased. Increasing the current caused the arc channel near the anode spot to be stronger. Therefore, a higher heat loss through this channel was observed [62].



According to the first and second laws of thermodynamics [63], plasma gasification melting exhibits low efficiency at a lower power. This can be explained by three reasons: firstly, the design of the gasification reactor; secondly, the plasma torch’s stability; and thirdly, the system’s heat loss. Indeed, with a small-scale system gasification, residual carbon is produced due to the narrow space between the feedstock and the jet. Moreover, the power, which is important to gasification, is affected by the plasma torch’s stability as well as the system’s heat loss, where the dissipation and transformation of heat are influenced [64].





6. Conclusions


The purpose of this research paper is to investigate the thermal plasma torch mechanism applied in municipal solid waste treatment. To improve the efficiency of the plasma torch with respect to the conversion rate and power consumption, two-dimensional CFD modeling of the symmetric thermal plasma reactor was conducted. The plasma jet distribution of velocity and temperature were discussed. Several setups under different conditions were tested for the thermal destruction of MSW using DC plasma torches. The resulting analysis showed that a plasma torch can be operated in an optimal mode to maintain a stable flow with a highly efficient heating process.



The arc voltage increased in the DC plasma torch at a higher airflow rate, resulting in increases in plasma power and the average outlet temperature, allowing for full solid waste decomposition.



On the other hand, increasing the standard flow rate of the carrier gas reduced the max temperature of the anode plasma torch, which accelerated the plasma energy flow, improved plasma cooling on the arc boundaries, and enhanced protection of the anode. This increase in the gas flow rate was not unlimited because it reduced carrier gas ionization, and the thermal equilibrium state at the center of the arc is broken.



As the terminal current increased, the plasma torch maximum temperature rose, resulting in higher conductivity and a decrease in the arc voltage, while the arc power was simultaneously augmented because the average temperature rose both at the anode’s inner wall and at the outlet of the plasma torch. Thus, waste treatment efficiency can be improved. However, this will also increase the anode loss rate by enhancing the anode wall temperature and shorten the anode’s lifetime. Three operating modes can be identified from the current–arc flow combination, and they are strongly influenced by the cold gas boundary thickness between the arc and the anode nozzle wall. A thin boundary layer at a higher current favors a steady mode, while thick layers favor flow instabilities. A plasma gasification plant generates enthalpy of 250 MJ/kg and produces electric power with higher efficiency (84%) than conventional technologies based on waste incineration (20%) with fewer harmful pollutants. The air gas plasma torch presents the optimal torch operation among all the plasma gases considered because it ensures a low rate of anode erosion and an acceptable thermal efficiency. Plasma gasification produces cleaner syngas than the conventional process because of the high temperature that is used that breaks down all the char, dioxins, and tars.
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Figure 1. Schematic diagram of municipal solid waste treatment using thermal plasma. 
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Figure 2. Diagram of plasma gasification melting process (a) and symmetrical plasma torch (b) used for municipal waste treatment. 
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Figure 3. Symmetrical diagram of plasma torch. 
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Figure 4. (a) Axial temperature profiles using different meshes. (b) Plasma torch computational grid. 
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Figure 5. Comparison with experimental data of (a) axial temperature and (b) axial velocity. 
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Figure 6. Velocity (a) and temperature (b) distributions of air in a non-transferred plasma torch. I = 500 A and    m ˙    = 5 g/s. 
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Figure 7. Mean voltage versus discharge current (   m ˙    = 5 g/s). 
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Figure 8. Radial distributions of plasma jet temperature (a) and velocity (b) profiles at the torch exit for various currents (I = 500, 600, and 800 A) and    m ˙    = 5 g/s. 
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Figure 9. Voltage variation with air mass flow rate (I = 500 A). 
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Figure 10. Plasma temperature variation with air mass flow rate. 
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Figure 11. Radial distributions of plasma jet temperature (a) and velocity (b) profiles at the torch exit for various air mass flow rates (I = 500 A). 
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Figure 12. Power variation as function of mass flow rates of air at various current values (I = 560, 640, and 800 A). 
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Figure 13. Velocity distribution, illustrating the instabilities (    m ˙    = 5   g / s    and I = 500 A). 
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Figure 14. Torch power consumption with plasma temperature for various cathode-tip temperatures. 






Figure 14. Torch power consumption with plasma temperature for various cathode-tip temperatures.



[image: Symmetry 15 00692 g014]







[image: Symmetry 15 00692 g015 550] 





Figure 15. Torch power as function of axial distance for various arc core radii (1.8–2.4 mm). 
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Figure 16. Plasma enthalpy as a function of the plasma flame temperature for different working gases at the same mass flow rate and    m ˙    = 5 g/s. 






Figure 16. Plasma enthalpy as a function of the plasma flame temperature for different working gases at the same mass flow rate and    m ˙    = 5 g/s.



[image: Symmetry 15 00692 g016]







[image: Symmetry 15 00692 g017 550] 





Figure 17. Plasma efficiency according to the plasma temperature. 
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Figure 18. Plasma efficiency variation according to the mass flow rate of gas. 
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Table 1. Arc plasma torch’s operational parameters of arc plasma torch.
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	Parameters
	Values





	Power
	75–10,000 kW



	Voltage
	150–10,000 V



	Current
	500–1000 A



	Plasma gas
	Air



	Air flow rate
	4–10 g/s



	Temperature of exit gas in plasma jet
	5000–100,000 K



	Pressure
	1 atm
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Table 2. Boundary conditions.






Table 2. Boundary conditions.














	
	Inlet
	Outlet
	Walls
	Anode
	Cathode Tip
	Cathode





	   u     (m/s)
	   m ˙   /ρAinlet
	    ∂ n  u = 0   
	0
	0
	0
	0



	   v     (m/s)
	0
	    ∂ n  v = 0   
	0
	0
	0
	0



	   w     (m/s)
	6.1 to 19.1
	    ∂ n  w = 0   
	0
	0
	0
	0



	T (K)
	300
	    ∂ n  T = 0   
	    ∂ n  T = 0   
	    Q  ex   =  h  conv    (   T  wall   −  T   water       )    
	    3500      
	    ∂ n  T = 0   



	   ϕ    ( V )    
	    ∂ n  ϕ = 0   
	    ∂ n  ϕ = 0   
	    ∂ n  ϕ = 0   
	0
	−σ   ∂ n  ϕ   = J(r)
	    ∂ n  ϕ = 0   



	    P     (  Pa  )    
	    ∂ n  P = 0   
	1.013 × 105
	    ∂ n  P = 0   
	    ∂ n  P = 0   
	    ∂ n  P = 0   
	    ∂ n  P = 0   



	    A   r       (  T · m  )    
	    ∂ n   A r  = 0   
	0
	    ∂ n   A r  = 0   
	    ∂ n   A r  = 0   
	    ∂ n   A r  = 0   
	    ∂ n   A r  = 0   



	    A z     (  T · m  )    
	    ∂ n   A z  = 0   
	0
	    ∂ n   A z  = 0   
	    ∂ n   A z  = 0   
	    ∂ n   A z  = 0   
	    ∂ n   A z  = 0   



	    A Φ     (  T · m  )    
	    ∂ n   A Φ  = 0   
	0
	    ∂ n   A Φ  = 0   
	    ∂ n   A Φ  = 0   
	    ∂ n   A Φ  = 0   
	    ∂ n   A Φ  = 0   



	   u     (m/s)
	   m ˙   /ρAinlet
	    ∂ n  u = 0   
	0
	0
	0
	0



	   v     (m/s)
	0
	    ∂ n  v = 0   
	0
	0
	0
	0
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